Inhaled nitric oxide (iNO) is used clinically to treat pulmonary hypertension in newborns, often in conjunction with hyperoxia (NO/O 2 ). Prolonged exposure to NO/O 2 causes synergistic lung injury and death of lung epithelial cells. To explore the mechanisms involved, oxygenresistant HeLa-80 cells were exposed to NO±O 2 . Exposure to NO and O 2 induced a synergistic cytotoxicity, accompanied with apoptotic characteristics, including elevated caspase-3-like activity, Annexin V incorporation, and nuclear condensation. This apoptosis was associated with a synergistic suppression of NF-κB activity. Cells lacking functional NF-κB p65 subunit were more sensitive to NO/O 2 than their wildtype counterparts. This injury was partially rescued by transfection with a p65 expression construct, suggesting an inverse relationship between NF-κB and susceptibility to the cytotoxicity of NO/O 2 . Despite the reduced NF-κB activity in cells exposed to NO±O 2 , IκBα was degraded, suggesting that pathways regulating the steady state levels of IκB were not involved. However, exposure to NO/O 2 caused a marked reduction in nuclear localization and an increase in protein carbonyl formation of NF-κB p65 subunit. These results suggest that NO/O 2 -induced apoptosis occurs by suppressing NF-κB activity.
µl per 1 x 10 6 cells according to the vendor's instructions (R&D systems, Minneapolis, MN). At least 5 x 10 6 cells were collected for the caspase-3-like activity assay for each sample. Equal volumes of cell lysate and 2 x reaction buffer were mixed with DEVD-pNA for 2 h at 37 o C.
Colorimetric reactions were analyzed at 405 nm. Results were normalized to total protein content of each sample.
Western Blotting -After cell lysates were collected, protein concentrations were determined, and western blot analyses were performed as previously described (22) . Briefly, 5
µg of protein of each sample were loaded onto 10% SDS-polyacrylamide gels (Bio-Rad, Hercules, CA) for electrophoresis. Polyclonal antibodies directed against IκBα, NF-κB p65 subunit, actin (Santa Cruz Biotechnology, Santa Cruz, CA) and nitrotyrosine (Cayman Chemical) were used for western blot analysis.
Protein Carbonyl Analysis of p65 -Modification of NF-κB p65 subunit was assessed by determining the presence of carbonyl groups using a standard kit (Oxy-blot, Intergen Co., Purchase, NY, USA) following derivatization with 2,4-dinitrophenylhydrazine (DNPH) in the presence of trifluoroacetic acid according to the vendor's protocol. Five µg of each derivatized protein sample were loaded on 10% SDS-polyacrylamide gels and blots were probed with the primary and secondary antibodies supplied in the kit and developed as western blots. To determine whether some protein carbonyl bands contain NF-κB p65 subunit, blots were stripped and reprobed with a 1:1000 dilution of anti-p65 polyclonal antibody. To further confirm protein carbonyl modification of NF-κB p65 subunit, total p65 protein from cell lysates was immunoprecipitated by Agarose-conjugated with anti-p65 polyclonal antibody (Santa Cruz by guest on September 1, 2017
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Biotechnology, Santa Cruz, CA) according to the vendor's protocol. Protein carbonyl formation was then determined as described above in the resulting immunopurified p65.
Immunofluorescent Analysis -Cells grown on chamber slides were washed twice with PBS and fixed for 10 minutes in 10% buffered formalin as previously described (22) . Briefly, slides were rinsed with PBS and incubated in a 1% BSA in PBS solution (Panvera Corp.,
Madison, WI) for 30 minutes. Cells were then incubated with anti-p65 NF-κB polyclonal IgG (Santa Cruz Biotechnology, Santa Cruz, CA) for one hour. Subsequently, the slides were washed and incubated for one hour with anti-rabbit IgG-rhodamine antibody (Boehringer Mannheim, Indianapolis, IN). The cells were then stained with 5 µg/ml DAPI (4'-6-Diamidine-2-phenylindole dihydrochloride; Boehringer-Mannheim, Indianapolis, IN) for 10 minutes.
Cell Fractionation -Nuclear extracts from HeLa-80 and A549 cells were prepared as described (24) from at least 4 x 10 7 cells per sample. To prepare mitochondrial extracts, cells were washed with PBS, trypsinized, and pelleted at 1,500 x g. Cells were then washed and homogenized in cold fractionation buffer (0.25 M sucrose, 10 mM Tris-HCl pH 7.4, 0.1 mM EDTA, 2 mM sodium citrate, 1 mM sodium succinate) using a Dounce homogenizer. Disruption of the plasma membrane was monitored by trypan blue staining. Lysates were centrifuged twice for 5 minutes at 2,000 x g to pellet nuclei and other debris. The supernatant was then centrifuged at 10,000 x g for 10 minutes. The remaining pellet was resuspended in a buffer containing 50 mM HEPES, pH 7.0, 500 mM NaCl, and 1% NP-40, supplemented with a cocktail of protease inhibitors, and collected as the mitochondrial extracts.
NF-κB reporter assay -To determine the levels of NF-κB transactivation activity, a reporter gene expression assay was performed as described (22 (Fig. 1A) . However, a decrease of cell viability was observed in cells exposed to NO/O 2 after 5 d, while cells exposed to NO alone were alive after 6 d ( Figure   1A ). surface to the extracellular surface is an early event in apoptosis (27) . Using FITC-conjugated Annexin V to detect PS translocation and PI exclusion to detect membrane permeability, we analyzed the mode of cell death. More than 90% of the cells cultured in room air or hyperoxia were alive based on PI exclusion and Annexin V incorporation analyses (Table 1) . Exposure to NO, either alone or in combination with hyperoxia, led to increased apoptosis (Table 1) . At 24 h, NO induced apoptosis in 18±3.1% of the exposed cells, while NO/O 2 increased apoptosis to 79±3.8%. After 2 d, 68±0.5% and 95±1.4% of cells exposed to NO alone, or with O 2 , respectively, were apoptotic. To demonstrate that apoptosis can be distinguished from necrosis, cells were exposed to 0.01% NP-40 for 0.5 min, and 73% were found to die by necrosis (Table   1 ).
To further characterize the mode of cell death, we examined cell size and nuclear morphology. Fig. 2A shows the nuclear morphology of exposed cells visualized with DAPI staining. Condensed chromatin was evident in the nuclei of cells exposed to NO±O 2 ( Figure 2A ).
In addition, apoptotic bodies were apparent in cells exposed to NO/O 2 for 24 h ( Figure 2A ). As expected, cells cultured in room air or in hyperoxia alone showed no signs of nuclear condensation ( Figure 2A ). Cell shrinkage was quantified by flow cytometry analysis as illustrated in Figure 2B . Cell shrinkage was apparent in cells exposed to NO/O 2 (79% at 24 h, 97% at 48h) compared to those exposed to NO alone (25% at 24 h, 71% at 48 h). Figure 2C demonstrates the activation of caspase-3-like caspases using synthetic substrates. Caspase activity was induced in cells exposed to NO alone for 24 h, whereas such an increase in caspase activity was detected much earlier in NO/O 2 exposed cells (6 h). To test whether caspase activation plays a causal role in cell death induced by these exposures, cells were pretreated for prior to the exposure to NO±O 2 . Ninety nine (± 1.0 %) or 90±1.6% of cell death, induced by either exposure to NO alone or to NO/O 2 , respectively, was prevented or delayed with this pretreatment, suggesting that caspase activation is necessary for NO±O 2 -induced cell death. These data demonstrate that 5 mM DETA NONOate induces significant amounts of apoptosis in HeLa-80 cells, which is significantly enhanced with hyperoxia, even though hyperoxia alone is not toxic to these cells.
Suppressed NF-κB activity in cells exposed to NO and hyperoxia -NF-κB has been
shown to play a crucial role in mediating cell survival under nitrosative stress (11,12). To determine whether NF-κB activity is regulated upon exposure to NO±O 2 , we assayed for the transcriptional activity of NF-κB using a luciferase reporter assay as described previously (22) .
Constitutive NF-κB activity was detected in HeLa-80 cells ( Figure 3 ). There was a moderate decrease in NF-κB activity when cells were grown in 80% O 2 compared to basal levels in room air ( Figure 3A ). However, NF-κB activity was significantly suppressed in cells exposed to NO.
This NO-induced suppression of NF-κB activity was further pronounced by the addition of hyperoxia. Figure 3A shows that the synergistic suppression of NF-κB activity was apparent by 6h (p<0.05). By 24 h, most of the NF-κB activity was inhibited in cells exposed to NO either alone or in combination with hyperoxia. In addition, NF-κB binding activity in nuclei of HeLa-80 cells was determined by EMSA. As a positive control, A549 cells were treated with TNFα for 30 min to induce NF-κB activation (22) . A similar NF-κB DNA binding complex was detected in nuclear extracts prepared from cells cultured in room air. Exogenous addition of anti-p65
antibodies supershifted this band, suggesting that p65 is one of the components of this complex.
Exposure to NO/O 2 for 16 h significantly reduced this binding activity ( Figure 3B ). (18, 19) . To determine the status of IκB in cells exposed to NO±O 2 , we examined the steady-state levels of IκBα by western blots. As illustrated in Figure 5 , IκBα levels were decreased in cells exposed to NO for 24 h. This reduction was more pronounced in cells exposed to NO/O 2 for 24 h. Therefore, a lack of degradation of IκB is clearly not responsible for the reduction of NF-κB activity. We then examined if the reduced activity is due to decreased NF-κB expression. While the protein level of NF-κB p65 subunit was maintained upon exposure to NO/O 2 for up to 16 h, a decrease was detected in cells exposed to NO/O 2 for 24 h ( Figure 5 ). However, the decrease was only moderate, compared to the 85±2% reduction of NF-κB activity observed after only 6 h exposure ( Figure 3 ). As a loading control, the steadystate levels of actin were examined. Figure 5 shows that there was no substantial changes in the levels of actin upon exposure to NO±O 2 , suggesting that the effects of NO±O 2 on IκBα and p65 is specific. These data suggest that the reduction of NF-κB activity upon exposure to NO±O 2 cannot be attributed primarily to either decreased p65 expression or increased expression of its inhibitor.
We further assessed the level of nuclear p65 to determine whether the reduced NF-κB activity in cells exposed to NO±O 2 was due to its decreased nuclear translocation. Corresponding to the constitutive NF-κB activity in HeLa-80 cells, NF-κB p65 subunit was evident in the nuclear fraction of these cells. Exposure to NO±O 2 decreased the level of nuclear p65 compared to the controls ( Figure 6 ). As a positive control for nuclear translocation, A549 cells were exposed to 10 ng/ml TNFα for 30 min. This treatment induced significant p65 nuclear translocation ( Figure 6 ), as shown previously (22) . We further performed immunofluorescent studies in HeLa-80 cells to confirm the results derived from cell fractionation studies of p65 nuclear translocation. As shown in Figure 7 , room air control cells had marked nuclear by guest on September 1, 2017
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To characterize the mechanism responsible for the reduced nuclear p65 in cells exposed to NO/O 2 , we assayed for protein carbonyl modifications. Figure 8 shows that exposure to NO/O 2 increased protein carbonyl formation. We observed that a protein carbonyl band around 65 kD (Lane 3 in Figure 8 ) co-migrated with NF-κB p65 subunit (Lane 7). To further confirm protein carbonyl formation on NF-κB p65 subunit, p65 was immunoprecipitated and protein carbonyl formation was determined on the resulting immunopurified p65. Lanes 9 and 10 in Figure 8 show that protein carbonyl formation on NF-κB p65 subunit was indeed increased in cells exposed to NO/O 2 , compared to the controls.
DISCUSSION:
In this report, we demonstrate that exposure to NO and hyperoxia are synergistic in Results presented in this report indicate that NF-κB plays a pivotal role in regulating NO/O 2 -induced cytotoxicity. This is supported by the correlation between the suppressed NF-κB activity and the cytotoxicity observed in HeLa-80 cells, as well as by studies using p65 mutant cells. First, transactivation of NF-κB reporter genes in cells exposed to NO±O 2 revealed a reduction of NF-κB activity ( Figure 3A ). In addition, EMSA analysis in HeLa-80 nuclear extracts indicated that exposure to NO/O 2 suppresses NF-κB DNA binding activity ( Figure 3B ).
This suppression of NF-κB activity is correlated with the cell death observed in HeLa-80 cells.
Furthermore, mutant fibroblasts with no NF-κB p65 have increased susceptibility to the toxic effects of NO/O 2 ( Figure 4 ) and this increased susceptibility can be rescued by an expression of NF-κB p65.
NF-κB activation can be modulated by NO at three or more different steps (15) . The first step involves the activation of pathways upstream of IκB degradation by enhancing IκBα at the mRNA and protein levels, thereby reducing NF-κB activity (12, 18, 19, 32, 33) . To our surprise, exposure to NO±O 2 enhanced IκBα degradation in HeLa-80 cells, demonstrating that modulation of IκBα degradation is not contributing to the suppression of NF-κB activity in these cells. Binding to its consensus DNA sequence is another site for regulating NF-κB activity. The DNA binding activity of NF-κB has shown to be inhibited by NO through S-nitrosylation of the DNA binding subunit, (p50) of NF-κB in lung epithelial cells and macrophages (18, 34) .
Although our study did not focus on the p50 subunit, it is likely that the S-nitrosylation of p50 subunit takes place in the exposed cells due to the high concentrations of NO used in these studies. In addition, we have detected nitrotyrosine formation on p65 (WRF and LLM, unpublished results) and p65 is one of the components in the DNA binding complex ( Figure 3B ).
However, it is unclear whether this modification plays any role in the reduced DNA binding activity because exposure to NO/O 2 significantly reduced nuclear translocation of p65 ( Figures   6-7) . The third site for modulation involves nuclear translocation of NF-κB. We have demonstrated that exposure to NO±O 2 induced a marked reduction in nuclear localization of NF-κB p65 subunit (Figures 6-7) . Although the mechanism for reduced nuclear localization of p65 is unclear, our studies indicate that exposure to NO/O 2 induced protein carbonyl modification of the p65 subunit ( Figure 8 ). While there is no direct evidence that protein carbonyl modification reduces nuclear translocation, carbonyl modification of the nuclear localization sequence (NLS)
of HIV-1 proteins by reverse transcriptase inhibitors prevents the binding of NLS to the nuclear transportation machinery (35) . In addition to altering post-translational modification, NF-κB activity could also be down-regulated via decreased gene expression. However, exposure to the combination of NO and hyperoxia did not significantly reduce NF-κB at the protein level until 24 h ( Figure 5, Figure 8 , lanes 5 and 7). This reduction was much later than that of the suppressed NF-κB transactivation activity (6 h) ( Figure 3A ). These data further support the notion that post-translational modification of NF-κB plays a major role in reducing its transcription activity.
Although iNO in combination with hyperoxia is used in the management of pulmonary hypertension in newborn infants, there are no clearly established dose guidelines for the clinical application of iNO/O 2 or the method of weaning this therapy. Concentrations as high as 80 ppm, which corresponds to approximately 3.2 uM NO (39), have been used in clinical trials for critically ill patients (40, 42) . This is comparable to the amount of NO generated by 1.6 mM DETA NONOate in cell culture (4) . The overall effect of iNO on hyperoxic lung injury is somewhat controversial, perhaps reflecting the differences in the doses of iNO and O 2 applied, the systemic effects and the response of different animal species. Nevertheless, studies in cell cultures indicate that direct exposure to NO has a deleterious effect on hyperoxic cell injury, although the extent is cell type-and donor-dependent (4-6). Studies presented in this report further demonstrate that the combination of NO and hyperoxia act synergistically in inducing cytotoxicity in oxygen-resistant cells, even when concentrations of each agent were individually non-cytotoxic ( Figure 1A ). Such cytotoxicity is at least partially due to suppressed NF-κB activity via reduced nuclear localization of NF-κB p65 subunit in cells exposed to NO±O 2 .
Therefore, in light of the approved clinical use of iNO in newborn infants, we recommend considering the potential harmful effects of such therapy to the lung, especially to lung epithelial cells that are directly exposed during long term-application. Perhaps, relatively lower doses of NO and shorter exposure times during the therapy would limit or minimize such toxicity. Five µg of total cell lysate from HeLa-80 cells exposed to 5 mM DETA NONOate and 80% O 2 , either alone or in combination, for the times indicated. The steady state levels of IκBα, NF-κB p65 subunit, and actin were determined by western blots. 
